Abstract Three early signals of asymmetry have been described to occur in a single neurite of neurons at stage 2 of differentiation (before polarization) and shown to be essential for neuronal polarization: (i) accumulation of stable microtubules, (ii) enrichment of the plasma membrane with activatable IGF-1r, and (iii) polarized transport of the microtubular motor KIF5C. Here, we studied the possible relationship between these three phenomena. Our results show that the activatable (membrane-inserted) IGF-1r and stable microtubules accumulate in the same neurite of cells at stage 2. The polarized insertion of IGF-1r depends on microtubule dynamics as shown using drugs which modify microtubule stability. Silencing of KIF5C expression prevents the polarized insertion of IGF-1r into the neuronal plasmalemma and neuronal polarization. Syntaxin 6 and VAMP4, necessary for the polarized insertion of the IGF-1r, are associated to vesicles carried by the microtubular motor KIF5C and is transported preferentially to the neurite where KIF5C accumulates. We conclude that the enrichment of stable microtubules in the future axon enhances KIF5C-mediated vesicular transport of syntaxin 6 and VAMP4, which in turn mediates the polarized insertion of IGF-1r in the plasmalemma, a key step for neuronal polarization. We herewith establish a mechanistic link between three early polarity events necessary for the establishment of neuronal polarity.
Introduction
The formation of a polarized neuron, containing one long axon and several branching dendrites, requires the action of two interrelated processes, specification of the axon and axonal elongation. It has been shown that axon specification is defined early, at the time of generation of the first two, oppositely positioned, neurites [1] . After specification, initial axonal outgrowth is essential for neuronal polarization and is a particularly early event, occurring in neurons that have not yet exhibited a discernible axon (stage 2 of differentiation). Initial axonal outgrowth is regulated via the segregation of activatable (membrane-inserted) IGF-1 receptors (IGF-1r) in a single neurite [2, 3] . Subsequently, upon activation of IGF1r, active phosphatidylinositol-3 kinase (PI3k) and its product, phosphatidylinositol 3,4,5-trisphosphate (PIP3), accumulate at the growth cone of the neurite. These events are critical for the outgrowth of the future axon [4, 5] . In order to become activatable, the IGF-1r needs to be inserted to the neuron plasmalemma and expose the IGF-1 binding motifs to the extracellular space. This occurs by incorporation of exocytic vesicles containing IGF-1r with the participation of the exocyst complex [6] and the SNAREs proteins VAMP4, Syntaxin 6, and SNAP23 [7] . However, the molecular events responsible for the polarized insertion of IGF-1r to one neurite (out of four or five in hippocampal neurons) have not yet been described. Besides the polarized insertion of IGF-1r, two more early asymmetric events have been described in developing Alvaro F. Nieto Guil and Diego Grassi contributed equally in this article.
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neurons: (i) the accumulation of stable microtubules in one single neurite (the future axon [8] ) and (ii) the preferential transport to the specified neurite of the microtubular motor KIF5C [9] which shows a preference to interact with axonal over dendritic microtubules [10] . The experiments shown here were designed to determine the following: (i) if the three early events of polarization described during neural differentiation are independent or interdependent phenomena; and (ii) the molecular mechanism governing the polarized exocytic insertion of IGF-1r to a single neurite in neurons at stage 2 of differentiation. Our results show that the activatable IGF-1r and stable microtubules accumulate within the same neurite in cells at stage 2 of development. We also show that the accumulation of stable microtubules in the specified neurite is essential for the normal polarized insertion of IGF-1r, as demonstrated by using drugs which modify microtubules stability. Silencing expression of KIF5C prevents the polarized insertion of IGF-1r and, therefore, neuronal polarization. Moreover, the SNAREs Syntaxin 6 (Stx6) and VAMP4, necessary for the polarized insertion of IGF-1r and the establishment of neuronal polarity, are associated with vesicles carried by the microtubular motor KIF5C and transported preferentially to the neurite where KIF5C is accumulated (the future axon). We conclude that the transport of Stx6 and VAMP4 by KIF5C to the specified neurite enables IGF-1r exocytosis and membrane insertion in that neurite. Moreover, because KIF5C exhibits preference for stable microtubules, this finding establishes the link between the requirement for stable microtubules, KIF5C enrichment and IGF-1r exocytosis for the establishment of neuronal polarization.
Results

Accumulation of stable microtubules and IGF-1r signaling are necessary for neuronal polarization
We first investigated if the neurite accumulating stable microtubules is the same as that exhibiting a significantly higher immunostaining to the activatable, membrane-inserted, IGF1r. For that purpose, we selected neurons at stage 2 of differentiation with five neurites and measured the fluorescence intensity (F.I.) of immunostaining with an antibody against acetylated tubulin as a marker of stable microtubules. The neurite with the highest F.I. (p ≤ 0.0001) was assigned the number 1, and the rest of the neurites were numbered 2 to 5 following a clockwise direction. We then measured the F.I. of immunostaining with an antibody against phosphorylated IGF-1r (pIGF-1r) of the five neurites. As shown in Fig. 1a , results indicated that the neurite number 1 exhibited also a significantly higher F.I. (p ≤ 0.00004) for pIGF-1r. We next investigated a possible relationship between the accumulation of stable microtubules and the polarized membrane insertion of IGF-1r by applying low doses [8] of the microtubuledestabilizing drug nocodazole or the microtubule-stabilizing drug taxol and studying the distribution of pIGF-1r in these cells. As expected, in control untreated cells stimulated with IGF-1, we observed a polarized distribution of the activated IGF-1r to a single neurite (Fig. 1b, arrow) . In contrast, neurons treated with nocodazole exhibited lower intensity labeling of the pIGF-1r not confined to any particular neurite (Fig. 1b) . In turn, treatment with taxol produced a more intense labeling of pIGF-1r in all the neurites (Fig. 1b) . To quantify these differences, we calculated an Bactive IGF-1r polarization index( see legend to Fig. 1b) . As shown in Fig. 1c , this index was significantly higher (p ≤ 0.004) in the control neurons than in the neurons treated with nocodazole or taxol. In contrast, treatment with the actin-depolymerizing drug cytochalasin D did not affect the pIGF-1r distribution (Fig. 1b, c) . Cells were subjected to the same experimental conditions and stained with βgc antibody, which recognizes both the phosphorylated and non-phosphorylated forms of the IGF-1r [11] . Control and nocodazole-or taxol-treated neurons at stage 2 (12 h in culture) exhibited intracellular βgc labeling in all neurites ( Fig. S1 ) with no obvious effects of either nocodazole or taxol on the subcellular localization of IGF-1r.
To investigate a direct relationship between the polarized distribution of membrane-inserted IGF-1r microtubule dynamics and the establishment of neuronal polarity, we cultured hippocampal neurons under control conditions or treated with nocodazole or taxol as described and stimulated with 20 nM IGF-1. The control medium contained DMSO and 5 nM insulin, an amount sufficient to guarantee neuronal survival without stimulating IGF-1 receptors [12] . As expected, most neurons under control conditions exhibited a unique axon (Tau-1 positive) after 36 h of D.I.V. when stimulated with IGF-1 (Fig. 2a) . In contrast, many cells treated with taxol or cytochalasin D exhibited more than one axon under the same culture conditions (Fig. 2a) . Most cells remained arrested at stage 2 of differentiation in cultures treated with nocodazole ( Fig. 2a) . To quantify these observations, we scored the differentiation stages of neurons cultured either under control conditions or treated with taxol, nocodazole, or cytochalasin D, respectively, after 36 h in vitro. We found that over 75 % of the control, neurons stimulated with IGF-1 showed an identifiable, tau-1-containing axon (Fig. 2b) . In contrast, around 25-30 % of the cells treated with taxol or cytochalasin D and stimulated with IGF-1 exhibited multiple axons (note that cells treated with taxol or cytochalasin D in control conditions without IGF-1 did not form any axon, indicating that besides enrichment of stable microtubules or actin depolimerization, stimulation with IGF-1 is necessary to stimulate axonal outgrowth; see also Fig. 2a ) and most cells treated with nocodazole and stimulated with IGF-1 remained at stages 1 or 2 of differentiation; less than 30 % had formed a discernible axon (Fig. 2b ).
2.
The microtubular motor KIF5C is necessary for neuronal polarization and directed IGF-1r insertion
To study the possible involvement of the microtubular motor KIF5C in the regulation of initial axonal outgrowth and the establishment of neuronal polarity, we silenced the expression of KIF5C using a targeted shRNA inserted into a dicistronic plasmid also encoding enhanced green fluorescent protein (GFP). Transfection of cell cultures with KIF5C-targeted shRNA significantly and specifically decreased KIF5C protein (Fig. 3c) . The transfected neurons expressed virtually no detectable KIF5C and failed to form axon-like processes; only short, minor neurites were present (Fig. 3a) . In contrast, neurons transfected with a scrambled RNA (ssRNA) sequence inserted in the same plasmid exhibited normal levels of KIF5C and generated a long axon-like process (Fig. 3a) . Cotransfection of neurons with KIF5C-targeted shRNA and an RFP-tagged wild-type form of KIF5C (mouse) rescued the phenotype and induced the outgrowth of an axon-like process (Fig. 3a) , indicating that the lack of polarization of the shRNA-treated neurons is not due to off-target effects. To quantify this observation, we scored the differentiation stages of neurons transfected with KIF5C-targeted shRNA compared to neurons transfected with ssRNA after 40 h in vitro. We found that over 70 % of the transfected neurons remained at stages 1 or 2 of differentiation, and less than 30 % had formed a discernible axon. In contrast, around 70 % of the control ssRNA transfected neurons showed an axon-like long process (Fig. 3b ). An early event of the establishment of neuronal polarity during neuronal differentiation is the enrichment of activatable IGF-1r in a single minor neurite at stage 2 of differentiation [2] . In order to be activated, the IGF-1r needs to be inserted into the neuronal plasmalemma so that the ligand binding site is exposed to the extracellular space. Therefore, we next studied the consequences of loss of function of KIF5C on the enrichment of active IGF-1r in the plasmalemma of a single neurite in neurons at stage 2 of differentiation, as described above. We observed the expected polarized distribution of the activated IGF-1r ( Fig. 4a , bottom) targeted shRNA exhibited labeling of the activated IGF-1r that was not confined to any particular minor process. The Bactive IGF-1r polarization index( described in the legend of Fig. 1 ) was significantly higher (p ≤ 0.0005) in the neurons transfected with the ssRNA sequence than in the KIF5C-suppressed neurons (Fig. 4b ).
KIF5C transports the SNARE protein Stx6 into the future axon
These results prompted us to investigate if the microtubular motor KIF5C could transport a protein(s) necessary for the exocytotic insertion of the IGF-1r to the plasma membrane of a selected neurite. Immunoprecipitation of microsomes from rat fetal brain using an anti-KIF5C antibody showed that two SNARE proteins, Stx6 and VAMP4, are present in the vesicles also containing KIF5C (Fig. 5a ). In contrast, other proteins such as IGF-1r and the proteins related to the exocyst complex TC10, Exo70, sec5, and sec8 plus the SNARE protein SNAP23 (note that these proteins are involved in the exocytotic insertion of IGF-1r to the plasmalemma) [6, 7] did not co-immunoprecipitate with KIF5C (Fig. 5a ). For IGF-1r, this result was expected, since IGF-1r is carried by the microtubular motor KIF2 [13] with the participation of rab10 and Marcks [14] . To study the possible co-existence of Stx6 and VAMP4 in the same population of vesicles, we performed immunoprecipitation of fetal rat microsomes with antibodies to Stx6 or VAMP4. The results of these experiments showed that VAMP4 was present in vesicles immunoprecipitated with Stx6 antibody (Fig. 5b, top) and that vesicles containing Stx6 were also immunoprecipitated using an anti-VAMP4 antibody (Fig. 5b, bottom) . To obtain direct evidence about Stx6 and VAMP4 transport by KIF5C in neurons, we cultivated pyramidal hippocampal neurons for 14-16 h (cells were already polarized) and, at this time, transfected the cultures with a shRNA directed to KIF5C One hundred or more cells were scored in each condition. Calibration bar = 100 μm (efficiency of the shRNA is shown in Fig. 3c ) or a control ssRNA and cultured the cells for further 24 h. At this time, the neurons were fixed and double immunostained with antibodies to Stx6 or VAMP4 plus Tau-1. Silencing of KIF5C produced a noticeable decrease of Stx6 staining in axons (Fig. 6a) , which exhibited a relatively prominent expression in neurons transfected with the ssRNA (Fig. 6a) . In contrast, no evident changes in the distribution of VAMP4 were observed in cells silenced for KIF5C compared to controls (Fig. 6a) . In view of these results and to further study the association of Stx6 and VAMP4 with KIF5C, microsomes were fractionated by isopycnic centrifugation in linear sucrose density gradients and analyzed by Western blots with antibodies to KIF5C, Stx6, and VAMP4 (SNAP23 was also included as a non-co-immunoprecipitating protein). Results are shown in Fig. 6b and indicated a strong co-distribution of KIF5C, Stx6, and VAMP4 along the gradient. However, the distribution of VAMP4 was wider, with enriched fractions which did not co-migrate with KIF5C and Stx6. As expected, there is little co-localization between KIF5C and SNAP23 (Fig. 6b) . It follows that KIF5C seems to transport vesicles containing Stx6 and VAMP4, and that the latter SNARE could be also driven in other vesicle population by a different (yet unidentified) motor.
These last results indicate that KIF5C can be responsible for the transport of Stx6 and VAMP4 (necessary for the exocytotic insertion of the IGF-1r) [7] and trigger the insertion to the membrane of the IGF-1r in one neurite in neurons in stage 2. To fulfill this role, KIF5C should be able to transport Stx6 (and VAMP4 present in the same population of vesicles) preferentially to one neurite (the future axon) in cells not yet polarized. To study this possibility, we used dual color spinning disk microscopy of neurons in stage 2 transfected with GFP-tagged Stx6 plus KIF5C 560 TdTomatoe as a marker of the 
untransfected (left) transfected with ssRNA (middle), and a KIF5C-targeted shRNA (right). Tubulin was used as a loading control. Calibration bar = 50 μm future axon [9] . By measuring anterograde transport of vesicles containing Stx6 in the minor neurites from the cell body to the tip (see BMaterials and Methods^section), we determined that its rate of transport to the future axon (neurite 1) is significantly higher (p ≤ 0.0001 by ANOVA) compared to the transport to the remaining neurites (2 and 3, Fig. 7a, c) As a control, we also measured anterograde transport of the dendritic protein transferrin receptor, which we expected to be transported preferentially to the remaining neurites (2, 3, and 4) and not to neurite 1 enriched in KIF5C [15] . In fact, Fig. 7b , c shows the Bdendritic preference^of the transferrin receptor.
Discussion
The establishment of neuronal polarity is driven by extracellular and intracellular events related to multiple cellular functions. Regarding extracellular clues, it has been shown that the activation of IGF-1r by its ligand IGF-1 is important to regulate this process in hippocampal pyramidal neurons in culture [2] and motor neurons in vivo [16] . The intracellular mechanisms include changes in the stability of microtubules impacting their function [8, 17] . Axon formation requires directed transport of membrane vesicles and other cargos along polarized microtubules [17] [18] [19] [20] . Polarized transport by anterograde-directed motors, such as KIF5 and KIF3 plays a central role in establishing a single axon [9, 21] .
In this context, three early signals of asymmetry have been described in a single neurite of neurons at stage 2 of differentiation, preceding morphological polarization. These signals were shown to be essential for the establishment of neuronal polarity: (i) the accumulation of stable microtubules [8] ; (ii) the enrichment of activatable, membrane-inserted, IGF-1r [2] ; and (iii) the preferential transport of the microtubular motor KIF5C [9] . Herein, we aimed at establishing a mechanistic link between these three phenomena. Our results indicate that the accumulation of stable microtubules in a specified neurite is necessary for the enrichment of activatable IGF-1r in the same neurite and axonal outgrowth. Indeed, the microtubuledestabilizing agent nocodazole and taxol, a drug that causes accumulation of stable microtubules in all the neurites [8] inhibited both the polarized distribution of activatable IGF1r and axonal outgrowth, necessary for the establishment of neuronal polarity (Figs. 1 and 2) . Interestingly, cytochalasin D, an actin-depolarizing drug able to produce neurons with multiple axons [22] , did not affect the distribution of activatable IGF-1r ( Figs. 1 and 2 ). It follows that the enrichment of IGF-1r in one neurite depends on microtubule dynamics but not on actin filaments stability. Knockdown of the microtubular motor KIF5C, required for the establishment of neuronal polarity (Fig. 3) , also impeded the polarized distribution of activatable IGF-1r (Fig. 4) . This is in close relation to the fact that Stx6 and VAMP4, two SNAREs required for the polarized insertion of IGF-1r and the establishment of neuronal polarization (see [7] ), are associated with vesicles transported by KIF5C (Figs. 5 and 6 ). Finally, we demonstrated by using two color spinning disk microscopy, that Stx6 is transported preferentially to the process where KIF5C is accumulated (Fig. 7) .
We propose that KIF5C drives Stx6 and VAMP4 preferentially to one process, Bwalking^on stable microtubules (see [10] ). Once Stx6 and VAMP4 accumulate at the neurite enriched in stable microtubules, it is able to trigger the insertion, by exocytosis, of IGF-1r in the neuritic plasmalemma. Upon insertion in the membrane, IGF-1r can be activated by IGF-1 and may induce membrane insertion of more IGF-1r [6] . All together, these molecular events generate a selfreinforcing mechanism deemed necessary for initial axonal outgrowth and the establishment of neuronal polarity. We think that our study provides a comprehensive understanding of the participation of the IGF-1r, microtubule dynamics, and KIF5C activity in the establishment of neuronal polarity. A cartoon illustrating the interconnection between these Fig. 8 . More investigation is needed to determine which motor protein(s) are involved in the transport of TC10 and Exo70, two proteins that are also involved in the exocytosis of vesicles containing the IGF-1 receptor [6] . Relevant published information in relation with the early regulation of neuronal polarization also include the following: (i) inhibition of the chaperone protein Hsp90 within the first hours of culture affects polarity in hippocampal neurons and induces changes in KIF5C subcellular localization [24] ) and (ii) c-Jun N-terminal kinase (JNK) activation is necessary for axogenesis and the establishment of neuronal polarity [23] . The precise coordination of JNK and Hsp90 activities plus the IGF-1r membrane insertion and activation inside an early time-window could be essential for neuronal polarization [24] .
Materials and Methods
Short Hairpin RNA Plasmids
The shRNA sequences used as targets were as follows: KIF5C, 5′-cagcagaagaatggaagaa-3′. For control, a sequence of scrambled shRNA was used: 5′-agacaatgaagcgaagaag-3′. The resulting plasmids were referred to as shKIF5C and ssRNA (scrambled shRNA), respectively. All oligonucleotides were synthesized by SIGMA (MO, USA) and subcloned into pSuperNeo+GFP vector (Oligoengine).
Primary Antibodies
The following primary antibodies were used: rabbit polyclonal antibody to KIF5C (Cat. ab5630, ABCAM [25] 
Culture and Transfection
Dissociated hippocampal pyramidal neurons were prepared from fetal rat brain and cultured as described previously [2] . Briefly, cells were plated into polylysine-coated glass coverslips and maintained in DMEM plus 10 % horse serum for 1 h. The coverslips with the attached cells were subsequently transferred to 35-mm Petri dishes containing serum-free neurobasal medium plus the N2 mixture. Cultures were maintained in a humidified 37°C incubator with 5 % CO2. Shortly after plating, hippocampal neurons first extend lamellipodia (stage 1) and afterward several minor neurites that are initially indistinguishable (stage 2). Then, at stage 3, one of these initially equivalent neurites grows more rapidly than the others and becomes the axon, whereas the other neurites subsequently develop into dendrites (stage 4). Neurons are considered to be at stage 3 when the length of the axon exceeds that of the average minor neurite by at least 20 μm. Transient transfection of cultured neurons was performed as described previously [7] , and the constructs used at a concentration of 2 μg/μl. For those experiments involving expression of shRNA sequences in early stages of neuronal development, a protocol of transfection of neurons in suspension, before plating, was used. It was similar to in-tube procedure described, with modifications. Briefly, DNA-Lipofectamine 2000 complex diluted in OPTIMEM (80 μl) was made in a 1.5-ml eppendorf tube. Five hundred nanograms of DNA and 1 μl of Lipofectamine 2000 were mixed in each reaction. This mixture was incubated at room temperature for 30 min. Thereafter, 15 μl of a neuron suspension (6 × 10 4 cells) diluted in OPTIMEM was added. The cells-DNALipofectamine 2000 mixture was immediately plated over polylysine-coated glass coverslips and cultures were placed to 37°C in a humidified 5 % CO2 incubator. After 1 h, the transfecting complex/OPTIMEM was removed carefully from each coverslip (at this time most neurons were already attached) and DMEM containing 10 % horse serum was added to cultures for 1 h at 37°C. Finally, DMEM containing 10 % horse serum was replaced for serum-free medium plus the N2 mixture. Cultures were maintained in a humidified 37°C incubator with 5 % CO2 for 24 h before fixation.
Treatments with Taxol, Nocodazole or Cytochalasin D
Depending on the experiment, 3 nM taxol (Sigma-Aldrich) or 45 nM or 3 μM nocodazole (Sigma-Aldrich) were added to cultured neurons 6 or 24 h after plating and cells were further incubated for 12 or 24 h at 37°C. For some experiments, cells were treated with nocodazole or 0.75 % DMSO for 30 min and then simultaneously extracted and fixed to remove unpolymerized tubulin subunits and allow clear visualization of MTs. 0.5 μg/ml cytochalasin D (Sigma-Aldrich) was added to the cultured neurons just after plating and cells were further incubated for 36 h at 37°.
Immunofluorescence Microscopy
Cells were fixed for 20 min at room temperature with 4 % (w/ v) paraformaldehyde in PBS containing 4 % (w/v) sucrose. Cultures were washed with PBS, permeabilized with 0.1 % (v/v) Triton X-100 in PBS for 6 min, washed in PBS again, and blocked for 1 h at room temperature. After labeling with a first primary antibody (overnight at 4°C) and washing with PBS, cultures were incubated with fluorescent secondary antibody conjugated to Alexa Fluor 488, 546, or 633 (1 h at room temperature) and washed with PBS. The cells were visualized using a spectral confocal microscope (Olympus FV1000). Images were captured and digitized using Olympus Fluoview Viewer software. For some experiments (see Fig. 6 ), cells were observed with a spinning disk microscope Yokogawa CSU-X1. Images were captured using an EMCCD camera Photometrics QuantEM 512 and a resolutive CCD camera Photometrics HQ2. Images were digitized using (242000×g for 2 h) . Note the precise colocalization of KIF5C with Stx6. VAMP4 also co-localized with KIF5C and Stx6 (as expected) but showed a wider distribution in the gradient Meta-Morph software (Molecular Devices, LLC, Sunnyvale, CA). In some cases, the images were analyzed using ImageJ free software (http://imagej.nih.gov/ij/). All images were processed using Adobe PhotoShop (Adobe Systems, San Jose, CA, USA).
KIF5C Rescue Experiments
To perform these experiments, we titrated levels of the KIF5C plasmid to determine the lowest concentration necessary to restore KIF5C expression. Under these conditions, cells transfected with KIF5C shRNA, together with mKIF5CRFP plasmid, respectively, exhibited protein levels that were similar to those of control non-transfected neurons.
Gel Electrophoresis and Western Blot
Proteins were analyzed by SDS-PAGE. The concentration of acrylamide of the resolving gel varied from 7.5 to 15 %. The resolved proteins were transferred to nitrocellulose membranes (AmershamHybond-ECL, GE Healthcare) in Tris-glycine buffer containing 20 % methanol. The membranes were first dried, washed with Tris-buffered saline (TBS) (10 mM Tris, pH 7.5, 150 mM NaCl) and then blocked or directly blocked for 1 h in TBS containing 5 % BSA. The blots were incubated with the primary antibodies in TBS containing 0.05 % Tween 20 and 1 % non-fat milk, for 12 h at 4°C. After washing with TBS containing 0.05 % Tween 20, the membranes were incubated with Odyssey IRdye CW 800 secondary antibodies (LI-COR Biosciences) for 1 h at room temperature. After washing, the blots were imaged using an Odyssey Infrared Imaging System (LI-COR Biosciences).
Immunoprecipitation Assays
Intact microsomal vesicles were incubated overnight at 4°C with anti-KIF5C antibody. Immunoprecipitation was achieved by using protein A plus-coated beads (Protein A-Sepharose 4B Fast Flow-SIGMA). In order to discard non-specific binding, we made a control condition without antibody. tdTomato (right) to point out the neurite which will become the future axon. Live imaging was performed using a spinning disk confocal microscope to record movement of Stx6-GFP-labeled vesicles. Kymographs (lower panels) illustrate the transport of Stx6-GFP to the minor neurites. Anterograde transport events were traced as a line with a positive slope. There was extensive Stx6 transport to the minor neurite which will become the future axon. b As a control, stage 2 neurons were co-electroporated with the dendritic marker TfR-GFP (left) and KIF5C 560 tdTomato (right). Live imaging was performed as described in a. Kymographs (lower panels) illustrate the transport of TfR-GFP to the minor neurites. Note that TfR-GFP vesicles were transported preferentially to the neurites not enriched in KIF5C. c Quantification of anterograde transport events of Stx6-GFP vesicles (+s.e.m.-black bars) or TfR-GFP vesicles (empty bars) to different neurites. In the neurite with high accumulation of KIF5C 560 TdT, the amount of Stx6 transport increased significantly (*p ≤ 0.0001 by one way ANOVA post-Hoc Tukey). In contrast, TfR-GFP is transported preferentially to the remaining neurites (not containing KIF5C 560 TdT). Contrast was inverted and non-linearly adjusted to improve visibility of dim moving vesicles. Neurons were imaged after 12 h DIV; n = 8 cells for each condition. Calibration bar = 30 μm After incubation, immunoprecipitation mixtures were spun to 4000 RPM during 10 min, supernatant (SN) and immunoprecipitated (IP) were separated, and samples were processed for further analysis by SDS-PAGE/Western Blot.
Immunofluorescence of Active IGF-1r
Cells were cultured as previously described and transfected with KIF5C shRNA before plating (i.e., in suspension, at time 0 of culture). After 10 h in culture, cells were deprived of growth factors for 4 h and subsequently stimulated for 5 min with 20 nM IGF-1, fixed and processed for immunofluorescence using an antibody selective for the phosphorylated form of IGF-1r [2] or an antibody that recognizes both the phosphorylated and non-phosphorylated forms of IGF-1r (anti-βgc, [11] ).
Imaging Vesicle Transport
Coverslips with attached neurons (electroporated with Lonza kit P3 primary Cell 4D-Nucleofector X Kit L (Cat. No. V4XP-3024)) were loaded into a sealed heated chamber in phenol red free imaging medium (Hank's balanced salt solution buffered to pH 7.4 with 10 mM HEPES and supplemented with 0.6 % glucose). Exposures were streamed continuously for 20 s or longer. The spinning disk microscope consisted of a Yokogawa CSU-10 spinning disk confocal head mounted on a Nikon TE2000 inverted microscope with a 60/1.45 NA Plan Apo objective and illumination from an Innova 70C Spectrum ion laser (Coherent). Streams of images (200-300 ms exposures) were captured using an Orca ER CCD camera (Hamamatsu Instruments).
Vesicle Transport Analysis
Kymographs were generated using the Meta-Morph software. Contrast was inverted, so fluorescent organelles in the original image corresponded to dark lines in the kymograph. To measure transport, straight lines were traced on the kymographs to approximate each vesicle trajectory and the coordinates of the lines were transferred to an Excel spreadsheet to calculate the velocity and run length of each transport event. We also determined the total number of transport events.
Subcellular Fractionation and Sucrose Density Gradient Centrifugation
Fractions from E18 rat cerebral cortex were prepared as described previously [13] . In brief, rat cerebral cortex was gently homogenized with 10 volumes of ice-cold 0.32 M sucrose, 10 mM Hepes, pH 7.4. The homogenate was centrifuged at low speed (3000×g) for 10 min at 4°C. The supernatant was centrifuged at medium speed (9200×g) for 15 min. The medium speed supernatant was again centrifuged at high speed (100,000×g) for 60 min to yield a cytosolic fraction (S3) and a microsomal one (P3). The microsomal fraction was used for Fig. 8 KIF5C provides a mechanistic link between the requirement for stable microtubules, IGF-1r membrane insertion, and neuronal polarization. We hypothesize the following mechanism: moving on acetylated (stable) microtubules, the microtubular motor KIF5C transports the SNARE proteins Stx6 and VAMP4 preferentially to the neurite where stable microtubules are enriched. IGF-1r is transported by KIF2 to all the neurites ( [13] see Fig. 1S ). Stimulation with IGF-1 triggers the formation of a population of vesicles containing Stx6, VAMP4, and IGF-1r [7] . Subsequently, these vesicles undergo exocytosis and thereby membrane insertion of IGF-1r. Once inserted into the plasmalemma, IGF1r can be activated by its cognate ligand, thereby stimulating more of its own exocytosis and regulating initial axonal outgrowth and establishment of neuronal polarity immunoprecipitation assays. For some experiments, the microsomal fraction was further applied to a continuous sucrose gradient (0.3-1.6 M) at 48,000 rpm for 2 h in a Sorvall STS 60.4 rotor. Fractions were then centrifuged at 100,000×g, and the resulting pellets resuspended in Laemmli buffer. The same volume from each fraction was applied to SDS-PAGE and transferred to nitrocellulose membranes. Fractions were then analyzed by immunoblotting with antibodies to KIF5C, VAMP4, Stx6, and SNAP23.
Animals
Time-pregnant Wistar rats were used. All animal procedures were done using approved protocols by the Board of Animal Welfare, School of Chemical Sciences, National University of Córdoba.
